As atmospheric CO 2 concentrations rise, associated ocean warming (OW) and ocean acidification (OA) are predicted to cause declines in reef-building corals globally, shifting reefs from coral-dominated systems to those dominated by less sensitive species. Sponges are important structural and functional components of coral reef ecosystems, but despite increasing field-based evidence that sponges may be 'winners' in response to environmental degradation, our understanding of how they respond to the combined effects of OW and OA is limited. To determine the tolerance of adult sponges to climate change, four abundant Great Barrier Reef species were experimentally exposed to OW and OA levels predicted for 2100, under two CO 2 Representative Concentration Pathways (RCPs). The impact of OW and OA on early life-history stages was also assessed for one of these species to provide a more holistic view of species impacts. All species were generally unaffected by conditions predicted under RCP6.0, although environmental conditions projected under RCP8.5 caused significant adverse effects: with elevated temperature decreasing the survival of all species, increasing levels of tissue necrosis and bleaching, elevating respiration rates and decreasing photosynthetic rates. OA alone had little adverse effect, even under RCP8.5 concentrations. Importantly, the interactive effect of OW and OA varied between species with different nutritional modes, with elevated pCO 2 exacerbating temperature stress in heterotrophic species but mitigating temperature stress in phototrophic species. This antagonistic interaction was reflected by reduced mortality, necrosis and bleaching of phototrophic species in the highest OW/OA treatment. Survival and settlement success of Carteriospongia foliascens larvae were unaffected by experimental treatments, and juvenile sponges exhibited greater tolerance to OW than their adult counterparts. With elevated pCO 2 providing phototrophic species with protection from elevated temperature, across different life stages, climate change may ultimately drive a shift in the composition of sponge assemblages towards a dominance of phototrophic species.
Introduction
The Intergovernmental Panel on Climate Change (IPCC) predicts that global warming resulting from increasing atmospheric carbon dioxide levels (CO 2 atm ) will see global mean sea surface temperatures increase 1.1-4.0°C by the end of this century. Further to this, as the partial pressure of CO 2 (pCO 2 ) in sea water increases with increasing CO 2 atm , the pH of the world's oceans is predicted to decrease 0.2-0.32 units by 2100 (IPCC, 2014) , in a phenomenon referred to as ocean acidification (OA). Increasing evidence from meta-analyses demonstrates that multiple climate stressors have greater deleterious impact on marine organisms than stressors applied in isolation (Wernberg et al., 2012; Kroeker et al., 2013a) . However, compared to the number of single stressor studies, few experimental studies have considered the combined effects of ocean warming(OW) and OA, or the impacts on different life-history stages of the same species (Dupont & P€ ortner, 2013; Przeslawski et al., 2015) . Furthermore, the major research focus in tropical marine ecosystems has been on reef-building corals (Hughes et al., 2003; HoeghGuldberg et al., 2007; Erez et al., 2011) , where a bleak future is being forecast for a group of organisms already experiencing global declines in abundance (Pandolfi et al., 2003; De'ath et al., 2012) .
Where coral abundance has already declined, 'winners' and 'losers' are beginning to emerge. While most regime-shifts away from coral-dominated states are to macro-algal dominated reefs (Kroeker et al., 2013b; Enochs et al., 2015) , other states are also possible (Norstr€ om et al., 2009 ) with sponges being identified as potential winners in the face of environmental change . Increasing sponge abundance has been reported from coral reefs globally, likely as a result of decreased spatial competition with corals (Aronson et al., 2002; Mcmurray et al., 2010; Colvard & Edmunds, 2011; Schils, 2012; Kelmo et al., 2013 Kelmo et al., , 2014 Bell et al., 2015) . Recently proposed positive feedbacks resulting from dissolved organic carbon cycling between seaweeds and sponges suggest that these alternate states are also likely to persist, as sponge and seaweed growth are enhanced to the detriment of coral recovery .
Sponges form an important functional component of coral reef ecosystems (Wulff, 2006a) , with efficient water filtration rates and high particle retention efficiencies that make them a critical link in the coral reef food chain (Reiswig, 1971; De Goeij et al., 2008; Pawlik et al., 2015; Mcmurray et al., 2016) . This link has recently been reinforced by the discovery of the 'sponge loop', which demonstrates how sponge-facilitated carbon flow contributes to the productivity of oligotrophic coral reef waters (De Goeij et al., 2013; Rix et al., 2016) . In addition, coral reef sponges contribute to reef primary productivity and nutrient cycling through their associated microbial symbionts (Cheshire & Wilkinson, 1991; Maldonado et al., 2012) , are involved in reef bioerosion and consolidation (Wulff, 2001; Glynn & Manzello, 2015) and are strong spatial competitors (Diaz & Rutzler, 2001; Bell, 2008) . Given these important functional roles, any change in sponge population dynamics and abundance could have significant flow-on consequences for coral reef function and health (Wulff, 2006b) .
Sponges should be particularly vulnerable to alterations in water chemistry as just one cell layer separates a sponge from the external environment (Bergquist, 1978) . Therefore, changes to ambient water temperature and pH may strongly influence cellular processes, especially considering the control that both temperature and CO 2 exert over fundamental metabolic processes. Small increases in temperature can lead to elevated metabolic rates (Hoegh-Guldberg & Bruno, 2010) , while acid-base imbalances under high CO 2 levels can depress metabolic activity (Fabry et al., 2008) , both of which lead to energy being diverted away from important metabolic and ecological processes (Fabry et al., 2008; P€ ortner & Farrell, 2008) . Basal marine invertebrates such as sponges are thought to be particularly susceptible to the effects of OA due to their limited capacity for acid-base regulation (P€ ortner, 2008) ; however, little is known about how sponges respond to future OW and OA scenarios.
Studies focussing exclusively on the effects of OW have demonstrated that some sponges are sensitive to temperatures predicted under future climate change scenarios. For example, the Caribbean sponge Xestospongia muta exhibits elevated expression of heat shock proteins and mortality when exposed to 30°C (L opez-Legentil et al., 2008) and the Great Barrier Reef sponge Rhopaloeides odorabile demonstrates a thermal threshold of 32°C (Webster et al., 2008) with a breakdown in host-symbiont molecular interactions occurring at elevated temperature . Importantly, the sponge holobiont can be categorized into two nutritional types that have been shown to exhibit contrasting responses to temperature anomalies (e.g. Cebrian et al., 2011) : (i) phototrophic species, which are those where >50% of energy requirements are acquired from photosynthetically fixed carbon; and (ii) heterotrophic species, which are those primarily reliant on suspension feeding for carbon requirements (Cheshire & Wilkinson, 1991; Webster & Thomas, 2016) .
Studies focussing exclusively on the effects of OA at volcanic CO 2 seep sites have reported contrasting results. While sponge diversity was found to increase at low pH sites (pH 7.8-7.9) in the Mediterranean (Goodwin et al., 2014) , sponge diversity decreased at low pH sites (pH 7.73-8.00) in Papua New Guinea (Fabricius et al., 2011) , although particular species did become significantly more abundant at sites with active CO 2 bubbling (Morrow et al., 2015) . Although these studies provide some insight into sponge responses to a changing climate, the co-occurrence of OW and OA requires studies that consider these factors concurrently (Dupont & P€ ortner, 2013) .
Research into the combined effects of elevated temperature and pCO 2 on sponges has predominantly focused on the erosion rates of bioeroding sponge species (Duckworth & Peterson, 2013; Fang et al., 2013; Wisshak et al., 2013; Stubler et al., 2015) , with bioerosion generally increasing under future OW and OA scenarios. In addition, research exposing six sponge species to combined OW and OA (31.5°C/pH 7.8) found no impact on growth, survival and secondary metabolite biosynthesis (Duckworth et al., 2012) . Furthermore, despite slight negative effects of elevated pCO 2 on spicule biomineralization, OW and OA (~27°C/pCO 2~1 100 ppm) had little effect on overall survival or growth rates in Mycale grandis (Vicente et al., 2015) . Finally, in X. muta, phototrophic cyanobacterial symbiont productivity was reported to decline with exposure to elevated temperature and pCO 2 (31.4°C/pCO 2~8 00 ppm), although no evidence of bleaching or associated host stress was reported despite a reduction in holobiont carbohydrate levels and reduced stability of the sponge microbiome (Lesser et al., 2016) . While these studies suggest a degree of sponge tolerance to climate change scenarios predicted for the end of this century, they provide little insight into the effects of environmental change at the cellular level required for a mechanistic understanding, especially when stressors are impacting in synergy (Dupont & P€ ortner, 2013; Enochs et al., 2015) .
The survival of early life stages is fundamental for population persistence, yet no studies have explicitly tested the early life-history response of sponges to the combined effects of OW/OA (Przeslawski et al., 2015) . In the only study that considered the impact of climate change on different sponge life-history stages, larvae of R. odorabile were found to have a much greater thermal tolerance than adults . However, in many marine invertebrates, OW and OA are considered to have deleterious impacts on the success of early life stages (Kurihara, 2008; Gibson et al., 2011; Byrne & Przeslawski, 2013) .
Here, we examined the physiological responses of four abundant Great Barrier Reef (GBR) sponge species -the phototrophic Carteriospongia foliascens and Cymbastela coralliophila and the heterotrophic Stylissa flabelliformis and Rhopaloeides odorabile -to a rise in pCO 2 and sea water temperature over 3 months, to address the hypothesis that phototrophic and heterotrophic sponges will exhibit differential responses to climate change. Observed and measured physiological performance of sponges under OW and OA was assessed to gain a better understanding of sponge energetics and the implications for ecological performance, in a rapidly changing climate. To provide greater insight into the population level impacts of climate change, we also explored the response of the phototrophic species C. foliascens to OW/OA throughout its developmental stages. Carteriospongia foliascens is one of the most widespread dictyoceratid sponges (growing as thin cups or fans) on the GBR (Wilkinson, 1988) and contributes significantly to reef primary productivity (Wilkinson, 1983) .
Materials and methods

Experimental treatments
Nine combined temperature and pH treatments were tested based on present day CO 2 atm levels (~400 ppm) and projected CO 2 atm increases for 2100 under the IPCC 'baseline' emission scenarios RCP6.0 (~800 ppm) and RCP8.5 (~1200 ppm) (IPCC, 2014) . All experiments were performed within the National Sea Simulator at the Australian Institute of Marine Science (AIMS). Target treatments for the experiment were 28.5, 30 and 31.5°C and pH (total scale) 8.1, 7.8 and 7.6. All factors were fully crossed resulting in nine experimental treatments and three replicates of each treatment. Temperature treatments were created by mixing streams of 22 and 36°C 0.04-lm filtered sea water using automatic valves controlled through a Siemens PCS7 SCADA system. Accurate temperature control (AE0.14-0.23; Table 1 ) within each treatment tank was assisted by the use of individual water baths, as described in the Supporting Information. Subsequent to the temperature manipulation, each stream of temperature-controlled sea water was dosed with CO 2 to reach the three OA treatment levels (in-tank pH AE0.05-0.08; and pCO 2 AE27-93 ppm; Table 1 ); note that pCO 2 manipulated treatments will be described as pH, pCO 2 or OA treatments hereafter. CO 2 dosing was achieved via mass flow controllers (Orangeburg, NY, USA), delivering a precise flow of CO 2 to a series of membrane contactors (Liqui-Cell Extra-Flow 2.5 9 8; 3M Industrial Business Group, Charlotte, NC, USA), where the gas was dissolved in a constant flow of temperature-controlled sea water. Treated sea water was delivered to three separate, randomly distributed 50 l flow-through aquaria per treatment, at a rate of 0.9 l min À1 ensuring 100% water replacement every hour.
Water circulation within each aquarium was provided by a submersible aquarium pump. Treatment levels were Table 1 Summary of measured (*) and calculated (**) sea water chemistry parameters represented as the mean (SD) of measurements taken weekly (n = 22 sampling periods). Reported values of temperature and in-tank total scale pH (pH T ) were measured in all aquaria weekly (see Table S1 for replicate tank means). Salinity, pCO 2 (ppm), alkalinity and DIC were measured in one tank per treatment weekly. pH T and pCO 2 (latm) were calculated by inputting salinity, alkalinity and DIC measurements into CO2calc software (Robbins et al., 2010) ) of photosynthetically active radiation (PAR), which is within the range of naturally occurring PAR levels at 10-15 m depth on inshore and mid-shelf reefs of the Central Great Barrier Reef (Cooper et al., 2007) . Temperature, pH, pCO 2 , salinity, alkalinity, dissolved inorganic carbon (DIC) and PAR were measured weekly (Table 1) ; see Experimental treatments in Appendix S1 -for sampling methods, and Table S1 for replicate tank temperature and pH means (SD) derived from weekly in-tank measurements.
Adult sponges
Sponges were collected from 10 to 15 m depth at Davies Reef on the GBR, Australia (18°82 0 S, 147°65 0 E), in 2014 between June and September. For all species, except C. foliascens,~20 larger specimens were cut to form~60 smaller 'clones' to make experimental handling more feasible. For C. foliascens,~30 small individuals and 15 larger sponges (each cut into 2-3 'clones') were collected. At least 4 weeks of acclimation postcloning allowed recovery from cloning stress (recovery assessed as pinacoderm growth over the cut surface) prior to taking time zero (hereafter referred to as T0) measurements and starting the experiment. Once healed, each sponge was treated as an individual (termed 'sponge') with all sponges being randomly allocated across experimental treatments and tanks. After the acclimation period, sponges were transferred from holding tanks to the experimental tanks, which were maintained at 27°C and pH 8.1 (hereafter referred to as ambient sea water). Six sponges of each species were distributed across the three replicate tanks per treatment (n = 6 sponges per species per treatment, except S. flabelliformis where n = 5). Temperature was gradually ramped at 0.5°C per day and pCO 2 levels increased 1.4-3.1 ml/min per day, depending on the treatment, resulting in 100-200 ppm increments of pCO 2 in the experimental tanks (see Table S2 for ramping schedule), so as to reach the desired pH once target temperatures were reached. A 12-week exposure period postramping was planned for all adult sponges, with experiments terminated on a species-by-species basis as lethal effects were observed.
Visual assessment
To provide an overall assessment of sponge responses to the treatment conditions, photographs were taken before (T0) and after (T-end) experimental exposure. ImageJ software (IMAGEJ; US National Institutes of Health, Bethesda, Md, USA) was used to trace individual sponges and to determine the percentage of tissue affected by necrosis and bleaching. Buoyant weights were taken at T0 and T-end and used to calculate change in sponge mass (final mass minus initial mass) as well as to normalize metabolic measurements.
Physiological measurements Oxygen flux. Rates of oxygen consumption (respiration)
were measured in each treatment, to assess how OW/OA impact the host sponge. Oxygen production (net photosynthesis) was measured for the two phototrophic species to determine how OW/OA impact the sponge-associated cyanobacteria and their autotrophic energetic contribution to sponge holobiont functioning.
To determine rates of net photosynthesis (C. foliascens and C. coralliophila only) and dark respiration (all species), six individuals of each species (except n = 5 for S. flabelliformis) in each treatment were incubated in the light (net photosynthesis) and dark (dark respiration) in a controlled environment, using the set-up and a method adapted from Strahl et al. (2015) . T0 measurements were taken in O 2 -saturated ambient sea water. For all other time points (every 2 weeks), incubations were carried out in the sponges' respective O 2 -saturated treatment sea water. For each treatment, a chamber without a sponge was used to control for potential changes in O 2 due to metabolic activity of microorganisms in the sea water. Sponges were attached vertically onto the inverted lids of clear acrylic 0.64 l incubation chambers. To determine treatment effects on photosynthetic potential, light incubations were carried out under 350 lmol photons m À2 s À1 (provided by SOL Blue LED aquarium lights). This irradiance was chosen as preliminary studies demonstrated that it was sufficient to saturate photosynthesis without inducing photoinhibition. Incubations were then run in the dark to determine the treatment effect on holobiont respiration. After 30-min acclimation at 350 lmol photons m À2 s À1 for net photosynthesis (or in the dark for respiration), chambers were sealed and placed onto submersible stands in 68 l black flow-through bins at the respective treatment temperatures. The motorized stands continuously mixed the sea water in each chamber with a magnetic stir bar. After 30 min either at saturating irradiance (see above) or in darkness, the chambers were opened and the dissolved oxygen (DO) concentration of each was analysed with a portable Optical Dissolved Oxygen meter (HQ30d equipped with LDO101 IntelliCAL dissolved oxygen probe; Hach, Loveland, CO, USA). Rates of net photosynthesis and dark respiration were normalized to buoyant mass and then calculated in mg O 2 g À1 h À1 after subtracting the values measured in the blank chambers for each run.
Photosynthetic efficiency. Pulse amplitude-modulated fluorometry (PAM) was used as an additional assessment of the effect of OW and OA on the photosynthetic efficiency of sponge-associated cyanobacteria. Chlorophyll fluorescence yield measurements were taken weekly using a red LED diving PAM (Walz, Germany) with a 5.5-mm (active diameter) fibreoptic cable with spacer (maintaining 1 cm between optic probe and sponge). The saturation pulse method was applied to determine changes in the quantum yield of photosystem II (PSII) in which a weak pulse-modulated red measuring light (0.15 lmol photons m À2 s
À1
) determined the initial fluorescence (F t in illuminated samples, F 0 in dark-adapted samples), and a 0.8 s saturating pulse of white light (>10 000 lmol photons m À2 s
) then determined the maximum fluorescence (F m 0 , in illuminated samples, F m in dark-adapted samples) (Ralph et al., 2005; Cosgrove & Borowitzka, 2011) . The effective quantum yield (DF/F m 0 ), measured under experimental light levels (between 11:00 and 13:00 hours), was determined as (F m 0 À F t )/F m 0 , where F m 0 is the light-adapted maximum fluorescence and F t is the initial fluorescence before the saturating pulse is applied, and provides an estimate of the efficiency of photochemical energy conversion under a given light intensity (Ralph et al., 2005; Cosgrove & Borowitzka, 2011) . Maximum fluorescence yields were determined by applying the saturation pulse method described above to samples following 30-min dark adaptation. However, cyanobacterial photosystems undergo a transition to 'state II' in the dark, reflected by lower F v /F m and high nonphotochemical quenching (Campbell et al., 1998) . Therefore, to obtain true maximal fluorescence yields, measurements must be taken in the presence of far-red light (Schreiber et al., 2011) or in conjunction with the use of an inhibitor such as DCMU (El Bissati et al., 2000) , to prevent the state II transition. Neither option was practical here; however, dark-adapted yields were still measured weekly as above and determined as (F 0 À F m )/F m , where F m is the 'maximum' fluorescence yield and F 0 is the initial fluorescence in a dark-adapted sample (Cosgrove & Borowitzka, 2011) . These values are not representative of true maximum fluorescence and are thus provided in the Supporting Information (Fig. S2a, b) .
Early life history
Presettlement. Carteriospongia foliascens is an internal brooder; the female sponge releases fully developed parenchemella larvae year round, with peak larval release during summer months (Wahab et al., 2014a) . Ten reproductive individuals of C. foliascens were collected from Little Pioneer Bay, Orpheus Island Research Station (OIRS) on the GBR, Australia (18°38 0 S, 146°29 0 E), on 29 November 2014 and transported back to AIMS where they were kept in ambient sea water. At 09:00 hours on 20 January 2015, adult sponges were transferred into bins without flow-through, as the peak larval release window for this sponge is 09:00-12:00 hours (Wahab et al., 2014b) . After 3 h, all released larvae were collected from the bin and the adult sponges were returned to flow-through aquaria. Specially designed floating six-well plates with a mesh base were used to assess survival, swimming duration and settlement in C. foliascens larval stages in the different temperature and pH treatments. Due to the quantity of sponge larvae released, the number of treatments was reduced to four for this life-history stage (28.5 and 31.5°C/pH 8.1 and 7.6). All larvae released were pooled to form a 'larval stock'. One sixwell plate was floated in each tank, with three replicate tanks per treatment. Ten larvae from the stock were pipetted into each well (n = 180 larvae per treatment). Larval motility, survival and settlement were then scored at T6, T12 and T24 h ( Fig. 5a; Fig. S1 -photographs of larval stages). The percentages of larvae that were still motile, settled and dead were calculated for each well at each sampling time point as a proportion of the total initial larvae in each well.
Postsettlement. To determine the postsettlement response of C. foliascens to the treatments, on the 9 December 2014, larvae were collected from the same adults as described above. Larvae were settled onto aragonite plugs with a 2-week microbial biofilm to stimulate settlement (Whalan & Webster, 2014) . To reduce the effects of naturally high postsettlement mortality, settled C. foliascens were left for 4 weeks in ambient sea water prior to treatment exposure. On 15th January, a census of '1-month-old recruits' (hereafter referred to as 1-month recruits) on each plug was carried out (Fig. 5b photograph of one-month recruit), then the plugs were photographed and randomly allocated to each of four treatments: 28.5 and 31.5°C/pH 8.1 and 7.6, (n = 14 recruits per treatment, except 28.5°C/pH 7.6 where n = 15). One-month recruits were exposed to treatment conditions for 4 weeks, after which a final census was conducted and an endpoint photograph of each plug was taken. Photographs were used to measure growth and bleaching. Recruit size was measured using IMAGEJ and growth was determined as change in area (mm 2 ) between T0 and T-end. Colour score (used as an indicator of bleaching) was measured using IMAGEJ greyscale. The area of each recruit was selected and the mean greyscale was calculated (0 = pure black and 255 = pure white). Difference in photo lighting was corrected for using a white reference grid in each photo. The use of colour change as an index for photophysiological changes was corroborated with a blue LED Maxi Imaging-PAM (I-PAM) fluorometer (Walz) using the saturation pulse method described above. However, studies on cyanobacteria PSII generally use red excitation light, as blue light preferentially activates PSI in cyanobacteria (El Bissati et al., 2000) . Therefore, these data are reported in the Supporting Information (see Postsettlement bleaching in Appendix S1, Fig. S4c ), and as they provide only an approximation of treatment effects on quantum yield (and therefore photophysiology), absolute values should be interpreted with caution.
Juvenile sponges. To determine whether sponge sensitivity to OW and OA differs at varying developmental stages, C. foliascens was exposed to the treatments one and 2 years postsettlement (hereafter referred to as 1-year recruits and 2-year recruits). During these life stages, morphology changes significantly (Fig. 5c d) . Carteriospongia foliascens recruits reared at OIRS in ambient sea water were transported to AIMS in December 2013. Sponges were acclimatized in ambient sea water for 2 months and then transferred into experimental tanks (using the same 3 9 3 experimental design and ramping schedule as for the adult sponge experiment), with n = 6 1-year recruits per treatment and n = 11-15 2-year recruits per treatment. Recruits were exposed to treatment conditions for 6 weeks, and photographs were taken at T0 and T-end. DF/F m 0 was measured following the method described above for adult sponges; however, a 2.0-mm active diameter plastic fibre replaced the standard 5.5-mm fibre to measure DF/F m 0 in the 1-year recruits due to their size. As with the adult sponges, F v /F m was also measured (Fig. S2c, d ).
IMAGEJ software was used to determine the percentage of necrotic or bleached tissue in each sponge, following the same methods described for the adult sponges.
Data analysis
Data analyses were performed by SPSS (IBM Corp., Armonk, NY, USA; SPSS Statistics for Windows, V22) and PRIMER-E (PRIMER version 6.0, PERMANOVA+; Plymouth Marine Laboratory, Plymouth, UK). All graphs were generated using GRAPHPAD PRISM (GraphPad Software, version 6.00 for Windows, La Jolla, CA, USA).
To account for repeated measures over time, generalized linear mixed models (GLMM), with an identity link and normally distributed errors were used to analyse respiration, net photosynthesis and DF/F m 0 for each species. A diagonal covariance structure was fitted for all models, selected based on the Akaike information criterion (AICc) values. Fixed effects were temperature, pH and time, and random effects were tank and sponge individual (i.e. after 'cloning' all sponges were treated as individual sponges). Where significant treatment effects were revealed, the models post hoc pairwise comparisons test (with the sequential Sidak correction applied) was used to determine which treatments differed significantly. The results of the post hoc test for each time point are reported in Table S6a -h; however, only significant differences at T-end will be discussed here. Equal variance and normal distribution assumptions were evaluated via analysis of the residuals. Continuous data were log-transformed as necessary to meet these assumptions and DF/F m 0 data were arcsine-square-root-transformed prior to analysis as these data are ratios and therefore assumed to not be normally distributed.
One-year recruit and 2-year recruit DF/F m 0 data were not normally distributed. Therefore, to test the effect of temperature and pH over time on this response variable, a permutational three-way analysis of variance (PERMANOVA) was employed with tank and sponge individual as random effects. Where significant treatment effects were revealed, permutational post hoc pairwise comparison tests were used to determine which treatments differed significantly. The results of the post hoc test for each time point are reported in Table S9a , b; however, only significant differences at T-end will be discussed here.
For the remaining response variables (adult sponge growth, tissue necrosis and bleaching; presettlement survival, motility and settlement success; postsettlement growth and colour score/bleaching; 1-and 2-year recruit tissue necrosis and bleaching), a two-way PERMANOVA was employed to test the effects of temperature and pH. For all response variables, Euclidean distances were used to generate a resemblance matrix. Permutational post hoc comparisons were used to determine which treatments differed significantly. A 5% significance level was used for all tests.
Results
Survival of adult sponges
Carteriospongia foliascens and R. odorabile were the two most sensitive species to OW and OA, with experiments terminated after 2 weeks following high mortalities at 31.5°C. 89% of the total C. foliascens mortality occurred at 31.5°C, with the highest levels at pH 8.1 (Fig. 1a) . Temperature significantly affected tissue necrosis (Pseudo-F (2,48) = 16.415, P = 0.001; Table  S3a , b) with higher levels of necrosis at 31.5°C compared to 28.5°C (P = 0.001) and 30°C (P = 0.001). A significant interaction between temperature and pH affected C. foliascens bleaching (Pseudo-F (4,48) = 1.9002, P = 0.011; Table S3a), with the percentage of bleached tissue greatest in sponges at 31.5°C/pH 8.1, compared to 28.5°C (P = 0.001) and 30°C (P = 0.003), and no significant temperature effect at pH 7.6 ( Fig. 1a ; Table S3b ). 100% of R. odorabile mortality occurred in the 31.5°C/pH 7.6 treatment, with mortalities occurring after 12 days. A significant interaction between temperature and pH was observed for R. odorabile tissue necrosis (Pseudo-F (4,54) = 5.1629, P = 0.003). Levels of tissue necrosis were significantly higher at 31.5 than at 28.5°C and 30°C, at pH 7.8 (28.5°C, P = 0.010; 30°C, P = 0.006) and pH 7.6 (28.5°C, P = 0.004; 30°C, P = 0.038), with no visible temperature effect at pH 8.1 (Fig. 1b; Table S3a , c). No mortality was observed for S. flabelliformis or C. coralliophila. However, there was a significant effect of temperature (Pseudo-F (2,36) = 11.794, P = 0.001; Fig. 1c ; Table  S3a , d), which resulted in significantly higher levels of tissue necrosis in S. flabelliformis at 31.5°C such that the experiment was terminated after 8 weeks. Despite high levels of bleaching, C. coralliophila remained in the experimental system for 12 weeks, with low levels of tissue necrosis in sponges at 31.5°C/pH 8.1 and 7.8 following bleaching (Pseudo-F (4,45) = 2.6507, P = 0.031; Fig. 1d ; Table S3a , e). Despite significant tissue loss across all species in the 31.5°C treatments (Fig. 1a-d) , PERMANOVA revealed no significant difference in the change in sponge mass between treatments (Table S3a) .
GLMM
Models were fitted with tank as a random effect; however, AICc values indicated that the variation between tanks was small enough to be excluded from the model. Sponge individual was a significant random effect for all response variables (again determined by AICc values), and this remained in all models to account for variation between sponges (see Table S4 for report of random effects for sponge individual). All GLMM coefficients are reported in the Supporting Information (Table S5a -h), and significant differences between treatments based on the estimated means are discussed below (post hoc results reported in Table S6a -h).
Respiration
Respiration rates in C. foliascens were significantly influenced by temperature over time (F (2,69) = 15.011, P < 0.001; Fig. 2a) , increasing with temperature from T0. Post hoc analysis revealed that the average respiration rate of C. foliascens was significantly higher at 31.5°C than 30°C (P = 0.024) and 28.5°C (P < 0.001), and significantly higher at 30°C than 28.5°C (P = 0.024) at T-end ( Fig. 2a ; Table S6a ). A significant pH effect on C. foliascens respiration rates over time was also detected (F (2,69) = 3.226, P = 0.046; Fig. 2a) , although post hoc analysis did not elucidate this effect (Table S6a) . Respiration rates at 31.5°C/pH 8.1 were . The first plot in each panel is % tissue necrosis • and % tissue bleached (phototrophic species only) for each species in each treatment, calculated using IMAGEJ (yaxis = % tissue and x-axis = treatment). Values are mean % tissue per sponge per treatment AE SE (n = 6 C. foliascens, R. odorabile and C. coralliophila, and n = 5 S. flabelliformis per treatment). Numbers above treatments for C. foliascens and R. odorabile represent the total mortalities in the corresponding treatment. Following each plot is a representative sponge from each temperature treatment at pH 8.1, left to right: 28.5, 30 and 31.5°C. elevated compared to other treatments, which potentially drives this pH effect. However, this trend is driven by a visibly stressed sponge, and due to high C. foliascens mortalities in this treatment only two sponges remained at 31.5°C/pH 8.1 at T-end.
Rhopaloeides odorabile respiration rates also increased with temperature over time (F (2,89) = 5.025, P = 0.009; Fig. 2b ). Post hoc analysis revealed that the average respiration rate of R. odorabile was significantly higher for sponges at 31.5°C than at 28.5°C (P = 0.007) and 30°C (P = 0.007) at T-end ( Fig. 2b ; Table S6b) .
A significant interaction between temperature, pH and time was observed on respiration rate for S. flabelliformis (F (16,177) = 3.676, P < 0.001; Fig. 2c ). Post hoc analysis revealed that at T-end the average respiration rate of S. flabelliformis at pH 7.6 was significantly higher in sponges at 31.5°C than at 30°C (P = 0.023) and 28.5°C (P = 0.050; Fig. 2c ; Table S6c ). Respiration rates in S. flabelliformis generally decreased between T0 to T2, and although highly variable throughout the experiment, were elevated at 31.5°C and lower at pH 7.6 (Fig. 2c) . The average respiration rate declined with pH at all temperatures except at 31.5°C, in which respiration rates were elevated regardless of pH.
A significant interaction between temperature, pH and time was also observed on respiration rates for C. coralliophila (F (20,256) = 2.098, P = 0.005; Fig. 2d ).
Respiration rates of C. coralliophila at 31.5°C/pH 8.1 increased from T2 (Fig. 2d) . At T-end, post hoc analysis revealed that, at pH 8.1, the average C. coralliophila respiration rate was significantly higher at 31.5°C than 28.5°C (P = 0.021) and 30°C (P < 0.001), while at lower pH, temperature had no statistically significant effect on C. coralliophila respiration rate ( Fig. 2d ; Table S6d ).
Net photosynthesis
A significant interaction between temperature and pH was observed for rates of net photosynthesis over time in C. foliascens (F (4,70) = 3.014, P = 0.024; Fig. 3a) . Average net photosynthetic rates of sponges exposed to 31.5°C decreased from T0, with the greatest decline in net photosynthesis occurring in sponges exposed to 31.5°C/pH 8.1 (Fig. 3a) . Post hoc analysis revealed that at T-end net photosynthetic rates at 31.5°C were significantly lower than net photosynthetic rates at 28.5°C (pH 8.1, P < 0.001; pH 7.6, P = 0.011) and 30°C (pH 8.1, P = 0.001; pH 7.6, P < 0.001). The only exception in which temperature had no significant effect ( Fig. 3a ; Table S6e ) was at pH 7.8; however, due to high mortalities in this treatment, only two sponges remained at T-end.Net photosynthetic rates in C. coralliophila were significantly influenced by temperature over time 28.5°C/pH 8.1, 28.5°C/pH 7.8, 28.5°C/pH 7.6, 30°C/pH 8.1, 30°C/pH 7.8, 30°C/pH 7.6, 31.5°C/pH 8.1, 31.5°C/pH 7.8, 31.5°C/pH 7.6. Values are mean respiration rate per treatment AE SE per sampling time point (n = 6 C. foliascens, R. odorabile and C. coralliophila and n = 5 S. flabelliformis per treatment, per time point -except where mortalities occurred). Note: x-axis and y-axis scales differ between species.
(F (10,259) = 9.943, P < 0.001; Fig. 3b) , with declines in net photosynthesis at 31.5°C after 2 weeks ( Fig. 3b ; Table S6f ). Post hoc analysis revealed that, at T-end, the average C. coralliophila net photosynthetic rate was significantly lower at 31.5°C than in sponges exposed to 28.5°C (P < 0.001) and 30°C (P < 0.001) ( Fig. 3b ; Table S6f ). The model also revealed a significant pH and time interaction (F (10,259) = 1.984, P = 0.035; Fig. 3b ) for C. coralliophila, with the average net photosynthetic rate of C. coralliophila at pH 8.1 being nearly half that of C. coralliophila in the lower pH treatments at T-end (Fig. 3b) . Regardless, post hoc analysis detected no significant pH effect (Table S6f) .
Effective quantum yield (DF/F m 0 )
A significant interaction between temperature and time affected DF/F m 0 in C. foliascens (F (4,117) = 18.574, P < 0.001; Fig. 3c ). DF/F m 0 declined at 31.5°C and post hoc analysis revealed that the average C. foliascens DF/ F m 0 was significantly lower at 31.5°C than at 28.5°C (P < 0.001) and 30°C (P < 0.001; Table S6 g).
A significant interaction between temperature and pH affected DF/F m 0 over time in C. coralliophila (F (24,310) = 1.906, P = 0.007; Fig. 3d) , with DF/F m 0 declining at 31.5°C from T0. Post hoc analysis revealed that, at T-end, DF/F m 0 was significantly lower in sponges at 31.5°C compared to 28.5°C and 30°C at all pH levels tested, except for pH 8.1, in which DF/F m 0 also declined at 30°C. DF/F m 0 did not decline in the low pH treatments at 30°C (Table S6 h), suggesting an ameliorative effect of pH on photosynthetic processes at this temperature.
While true F v /F m could not be obtained, it is noteworthy that both light (Fig. 3c, d ) and dark (Fig. S2a, b ) quantum yield measurements responded similarly to the treatments over time, increasing our confidence that temperature was responsible for photoinhibition rather than variable fluorescence and/or state transitions.
Early life-history response Presettlement effects. An interactive effect of temperature and pH on larval mortality was observed after six hours of exposure to treatment conditions (Pseudo-F (1,68) = 6.0863, P = 0.008; Fig. S3c , Table S7), with the average percentage of dead larvae being highest at 31.5°C/pH 8.1 (P = 0.005), compared to the other temperature and pH treatments. An interactive effect of temperature and pH was also detected on larval motility after six hours of exposure (Pseudo-F (1,68) = 5.0732, P = 0.029; Fig. S3a) , with more motile larvae at 28.5°C/pH 8.1 (P = 0.026). Throughout the experiment, more larvae remained motile at 28.5°C than Fig. 3 Rates of net photosynthesis in (a) Carteriospongia foliascens and (b) Cymbastela coralliophila, and effective quantum yield in (c) C. foliascens and (d) C. coralliophila in each treatment. 28.5°C/pH 8.1, 28.5°C/pH 7.8, 28.5°C/pH 7.6, 30°C/pH 8.1, 30°C/ pH 7.8, 30°C/pH 7.6, 31.5°C/pH 8.1, 31.5°C/pH 7.8, 31.5°C/pH 7.6. Values are mean net photosynthetic rate and effective quantum yield per treatment AE SE per sampling time point (n = 6 per treatment per time point -except where mortalities occurred). Note: x-axis and y-axis scales differ between species and response variables.
31.5°C, as evidenced by a higher average percentage of motile larvae at 28.5°C after both 12 (Pseudo-F (1,68) = 20.76, P = 0.001; Fig. S3a ) and 24 hours of exposure (Pseudo-F (1,68) = 4.7232, P = 0.032; Fig. S3a ). However, after 24 hours, no effect of temperature or pH on overall larval survival and settlement success was detected (Fig. S3b, c ; Table S7 ).
Postsettlement mortality and bleaching. Eighty per cent of postsettlement mortality occurred at 31.5°C. A significant effect of temperature was observed on recruit growth (Pseudo-F (1,184) = 20.092, P = 0.001; Fig.S4a) , with average growth in recruits exposed to 31.5°C being significantly less than recruits at 28.5°C. There was also a significant effect of pH on recruit growth (Pseudo-F (1,184) = 3.924, P = 0.043; Fig.S4a) , with growth significantly higher at pH 7.6 than at pH 8.1. A significant interaction between temperature and pH affected recruit bleaching (F (1,185) = 54.643, P = 0.001; Fig.S4b ). Colour score increased significantly at 31.5°C/pH 8.1 (P = 0.001), compared to the other temperature and pH treatments. On a greyscale, where 0 = black and 255 = white, recruits at 31.5°C/pH 8.1 had a significantly higher average colour score than recruits in the other treatments (Fig. S4b) , that is they had colours more towards the white end of the scale, indicative of bleaching. These results are supported by DF/F m 0 measures (see Postsettlement bleaching in Appendix S1, Fig. S4c ).
Survival of juvenile sponges. While 80% of the mortality in 1-year recruits occurred at 31.5°C, no mortality occurred at 31.5°C/pH 7.6 (Fig. S5a) . A significant effect of temperature on tissue necrosis (Pseudo-F (2,45) = 20.049, P = 0.001) and bleaching (Pseudo-F (2,45) = 159.14, P = 0.001) was detected in 1-year recruits. The percentage of tissue necrosis and bleaching was significantly higher at 31.5°C than 30°C (P = 0.001) and 28.5°C (P = 0.001; Fig. S5a ; Table S8a , b). Ninety-one per cent of 2-year recruit mortality occurred at 31.5°C, with 50% of those mortalities occurring at pH 8.1 (Fig. S5b) . A significant effect of temperature (Pseudo-F (2,107) = 19.979, P = 0.001) and pH (Pseudo-F (2,107) = 3.7441, P = 0.022) on tissue necrosis was also observed in 2-year recruits. The percentage of tissue necrosis was significantly higher at 31.5°C than 30°C (P = 0.001) and 28.5°C (P = 0.001; Fig. S5b ; Table S8a , c), and overall tissue necrosis levels were lower at pH 7.8 than pH 8.1 (P = 0.020). A significant interaction between temperature and pH affected 2-year recruit bleaching (Pseudo-F (4,107) = 2.4388, P = 0.049; Fig. S5b ; Table S8a , c), with the percentage of tissue bleached being higher in recruits at 31.5°C/pH 8.1 than 31.5°C/pH 7.8.
Juvenile sponge effective quantum yield. DF/F m 0 declined significantly at 31.5°C for both 1-year and 2-year recruits. For the 1-year recruits, a significant interaction was detected between temperature and time (Pseudo-F (10,164) = 19.841, P = 0.001; Fig. 4a ), with declines in the 31.5°C treatment occurring after 1 week of exposure. Post hoc analysis revealed that, at T-end, DF/F m 0 was lower (zero) in all sponges exposed to 31.5°C, compared to the average DF/F m 0 of sponges at 28.5°C (P = 0.001) and 30°C (P = 0.001; Table S9a ). A significant interaction between temperature and pH affected DF/F m 0 over time for the 2-year recruits (Pseudo-F (24,657) = 1.9845, P = 0.005; Fig. 4b ). DF/F m 0 declined significantly at 31.5°C, with the greatest decline at pH 8.1. Post hoc analysis revealed that, at T-end, average DF/F m 0 at 31.5°C was lower at pH 8.1 than at pH 7.8 (P = 0.002) and pH 7.6 (P = 0.049; Table S9b ). A similar interactive effect occurred at 30°C, with average DF/ F m 0 being significantly lower in the sponges exposed to Fig. 4 Effective quantum yield for (a) 1-year Carteriospongia foliascens recruits and (b) 2-year C. foliascens recruits in each treatment. 28.5°C/pH 8.1, 28.5°C/pH 7.8, 28.5°C/pH 7.6, 30°C/pH 8.1, 30°C/pH 7.8, 30°C/pH 7.6, 31.5°C/pH 8.1, 31.5°C/ pH 7.8, 31.5°C/pH 7.6. Values are mean effective quantum yield per treatment AE SE per sampling time point (n = 6 for 1-year C. foliascens recruits and n = 14-15 for 2-year C. foliascens recruits per treatment per time point, except where mortalities occurred). Note: y-axis scales differ between species. pH 8.1 than those at pH 7.8 (P = 0.017; Table S9b ). Interestingly, while DF/F m 0 did not decline at 28.5°C, average DF/F m 0 was significantly higher in the sponges exposed to pH 7.6 than those at pH 7.8 (P = 0.008) and pH 8.1 (P = 0.001), and at pH 7.8 compared to pH 8.1 (P = 0.018; Table S9b ).
Discussion
Here, we provide evidence from a 3-month experimental study that, while sponges can generally tolerate climate change scenarios predicted under the RCP6.0 conditions for 2100, environmental projections for the end of this century under the RCP8.5 will have significant implications for their survival. Temperature effects were stronger than OA effects; however, phototrophic and heterotrophic species appear to respond differently to OA, with elevated pCO 2 exacerbating temperature stress in heterotrophic sponges but somewhat ameliorating temperature stress in phototrophic species. In addition, the early life-history stages responded differently to the adults and in contrast to responses reported for early life stages of many other marine invertebrates. Larval survival and settlement success of C. foliascens was unaffected by OW and OA treatments, and juvenile sponges exhibited greater tolerance than their adult counterparts, again with evidence that OA reduces OW stress for some of these life stages.
Adult sponge responses to OW and OA Elevated temperature negatively affected the health and survival of all four GBR sponge species, with mortality (C. foliascens and R. odorabile), high levels of tissue necrosis (all species), elevated respiration (all species) and bleaching (phototrophic species) evident at 31.5°C. Elevated pCO 2 exacerbated some symptoms of thermal stress in the heterotrophic species, yet overall it reduced the impact of elevated temperature on the phototrophic species. Furthermore, differing degrees of sensitivity to elevated temperature and lowered pH were apparent between the two heterotrophic species. High mortality of R. odorabile was evident after 2 weeks of exposure to the highest temperature and lowest pH treatment. R. odorabile has previously been shown to have a strict thermal limit of 32°C (Webster et al., 2008; Pantile & Webster, 2011; Massaro et al., 2012) , after which point disruption to nutritional interdependence and molecular interactions between the host and its microbial symbionts destabilizes the holobiont , resulting in rapid mortality. Importantly, however, this thermal threshold, which is already close to sea water temperatures currently experienced on the northern GBR, was lowered by the combined effect of OA. Meanwhile, S. flabelliformis, although visibly stressed (tissue necrosis) and having elevated (albeit highly variable) respiration rates at 31.5°C, experienced no mortality even after 8 weeks of exposure. S. flabelliformis respiration rate was depressed at low pH, except at 31.5°C where temperature stress resulted in elevated respiration.
Metabolic depression has been observed in a wide range of marine invertebrates following exposure to elevated pCO 2 (P€ ortner et al., 1998; Michaelidis et al., 2005; Albright & Langdon, 2011; Dupont & P€ ortner, 2013; Putnam et al., 2013) . This response is thought to be an adaptive strategy to protect against acidosis and abnormally high levels of carbonic acid in bodily fluids (Fabry et al., 2008; Przeslawski et al., 2008) . However, the physiological or molecular mechanisms causing metabolic depression in sponges are still unknown, as sponges do not possess bodily fluids (Duckworth & Peterson, 2013) and like many lower marine invertebrates, have limited capacity for acidbase regulation. Although the measured metabolic depression did not translate into an observable negative effect for S. flabelliformis, with OW having a much stronger effect, a depressed metabolic state is likely to be detrimental to the long-term survival of a species, as processes such as growth and reproduction become compromised as energy gets diverted into sustaining basic biological processes (P€ ortner et al., 2004) . While no direct pH effect was observed on the metabolic rate of R. odorabile, it is apparent that mechanisms for coping with thermal stress become disrupted under elevated pCO 2 , to the detriment of sponge health at 31.5°C. Similarly, higher mortality in the bioeroding sponge Cliona celata has been reported after exposure to pH 7.8 than to pH 8.1 (Duckworth & Peterson, 2013) , providing further support that some sponge species are negatively affected by OA.
Respiration rates of the phototrophic sponge species increased following exposure to 31.5°C; however, the increases were only observed under present day pH conditions for C. coralliophila. While C. foliascens exhibited a similar response, the high level of mortality by the end of the experiment (n = 2 in this treatment at Tend) means that these results should be interpreted with caution. This potential 'positive feedback' of increased pCO 2 in thermally stressed phototrophic sponges was clearly observable in the final health state of both phototrophic species, with mortality and bleaching of C. foliascens at the highest temperature decreasing with increasing pCO 2 and no evidence of tissue necrosis in C. coralliophila exposed to 31.5°C/pH 7.6. Furthermore, while photophysiological performance of the two phototrophic species declined significantly at 31.5°C, and to a lesser extent at 30°C, the severity of the temperature effect on some photophysiological parameters was lessened at low pH, demonstrating a possible ameliorative effect of pCO 2 on photosynthetic processes.
The role of sponge photosymbionts in ameliorating the impact of climate change warrants further investigation. For many marine phytoplankton species, photosynthetic rates remain unaffected by experimental increases in pCO 2 suggesting that they are not carbon limited, most likely due to their ability to accumulate inorganic carbon intracellularly (Doney et al., 2009 ). However, a positive feedback of elevated temperature and pCO 2 on growth and photosynthetic rates in freeliving Synechococcus (a common sponge-associated cyanobacterium) suggests that some sponge symbionts may benefit from increased carbon availability (Fu et al., 2007) . The effects of this increased symbiont productivity under elevated pCO 2 conditions have been observed in organisms residing at CO 2 seeps (Suggett et al., 2012; Strahl et al., 2015) , including the sponges Coelocarteria singaporensis and Cinachyra sp., which are 40-fold more abundant and host a higher relative abundance of symbiotic Synechococcus than the same species at nearby control sites (Morrow et al., 2015) . While photosynthetic rates were not measured, these authors postulated that the increased abundance of photosynthetic microbes in sponges at the seep may provide these sponges with a nutritional benefit under future climate scenarios (Morrow et al., 2015) . Further to this, photosynthetic yields of symbiotic dinoflagellates associated with the bioeroding sponge Cliona varians increased under OA conditions (Stubler et al., 2015) . Such an increase in symbiont productivity may enable phototrophic sponges to have higher productivity in an environment where more inorganic carbon is available for photosynthesis. For both species in our experiment, elevated inorganic carbon availability apparently facilitated the sponge symbionts' 'resistance' to bleaching for longer, and in turn lessened the degree of stress on the sponge host, perhaps through the continued provision of translocated products of photosynthesis. A similar ameliorative effect of elevated pCO 2 has been demonstrated for the bioeroding sponge Cliona orientalis during temperature stress (Wisshak et al., 2013) , although when exposed to temperatures predicted under RCP8.5, the additional carbon was not sufficient to offset increased metabolic demand (Fang et al., 2014) .
Sensitivity to the various OW and OA treatments varied between the two phototrophic species. Bleaching of C. foliascens commenced within 1 week of exposure to 31.5°C with subsequent rapid mortality of this species. In contrast, despite nearly complete bleaching of the majority of C. coralliophila individuals at 31.5°C after 6 weeks, no mortality occurred even after 12 weeks of exposure, indicating that C. coralliophila is either: (i) less reliant upon photosynthetically acquired carbon or (ii) has the potential to switch to acquiring carbon heterotrophically when bleached. This switch in feeding strategy has been demonstrated in certain coral species, enabling recovery following bleaching events (Grottoli et al., 2006) . Such a capability would be highly beneficial as the thermal anomalies that drive bleaching events today become increasingly frequent.
Early life-history responses
A remarkable tolerance of some sponge larvae to environmental stress has previously been demonstrated for both elevated temperature (Whalan et al., 2008; Webster et al., 2011) and anthropogenic contamination (Negri et al., 2016) . Consistent with these results, we found that the presettlement survival and settlement success of C. foliascens larvae were unaffected by temperature and pH. The tolerance of this life stage may provide a means for acclimation/adaptation, enabling species persistence in a high CO 2 world. This is in stark contrast to the OW and OA sensitivity reported for many species of coral larvae (Przeslawski et al., 2015) . In corals, elevated temperature has been shown to negatively affect larval duration, survivorship and productivity (Edmunds et al., 2001; Heyward & Negri, 2010) . Further to this, OA conditions create unfavourable settlement substrates, reducing settlement cues and larval settlement (Albright & Langdon, 2011; Doropoulos et al., 2012; Webster et al., 2012) .
As sponges age, their sensitivity to OW and OA apparently increases, as evidenced by highly tolerant C. foliascens larval stages that become increasingly vulnerable between 1 month, 1 year and 2 years, and finally after they have developed into adult sponges (Fig. 5) . While postsettlement survival, growth and productivity of 1-month-old, 1-year-old and 2-year-old C. foliascens were adversely impacted by elevated temperature, the response of these life-history stages was far less severe than what was observed in the adult sponges. Interestingly, while 1-month recruits at 31.5°C bleached and experienced lower growth rates than those in the 'present day' temperature treatment, recruits at 31.5°C/pH 7.6 did not bleach and exhibited less change in growth rate than those at 31.5°C/pH 8.1, again highlighting the ameliorating effect of elevated pCO 2 at high temperatures. In corals, elevated pCO 2 has been shown to reduce postsettlement growth of recruits, likely due to decreased calcification (Albright & Langdon, 2011; Anlauf et al., 2011) , which is not a factor in these Demospongiae species. Increased sensitivity with sponge age was further evidenced by comparing the responses of 1-year-old and 2-year-old recruits with those of adult sponges. Although all of the 1-year-old C. foliascens recruits bleached within a week of exposure to 31.5°C, many sponges survived for the full 6-week experiment. Sensitivity further increased in the 2-year recruits, with mortalities occurring soon after bleaching at 31.5°C, although a positive effect of elevated pCO 2 on effective quantum yield at 31.5°C was again observed. In a review of OW and OA impacts on marine invertebrate life histories, it was concluded that, although antagonistic effects of OW and OA are common, adult life stages tend to show a higher tolerance to stressors than early developmental stages (Byrne & Przeslawski, 2013) . Here, we demonstrate an antagonistic interaction between temperature and pH on C. foliascens, with elevated pCO 2 reducing the negative effect of temperature stress on all life stages, except the 1-year-old individuals for which bleaching occurred so rapidly that pCO 2 effects were not observed (Fig. 5 ).
Summary
We show that four abundant GBR sponge species are mostly unaffected by climate change scenarios predicted under the RCP6.0 model, but that they are likely to be adversely affected by environmental conditions represented under the RCP8.5 model. Importantly, elevated pCO 2 differentially affects sponges with different nutritional modes, exacerbating the impact of elevated temperature on heterotrophic species and ameliorating elevated temperature stress in phototrophic species. Space is a limiting resource on coral reefs (Jackson, 1977) , and if coral cover continues to decline globally, some sponge species have the potential to increase their cover on coral reefs as space is made available. Beyond 2100, the OW and OA conditions predicted under RCP8.5 may result in a shift in abundance towards a dominance of phototrophic sponge species. The tolerance of early life-history stages is also likely to prove critical in the survival and adaptive capacity of some species. However, further investigations involving transgenerational studies are required to understand the acclimation potential of these species via tolerant early life stages and genetic variation. While there are limitations to making ecological inferences from experimental studies, the controlled nature of the experimental conditions employed here provides a mechanistic understanding of climate change responses in the absence of confounding physico-chemical and biological influences (Wernberg et al., 2012) . In addition to Arrows indicate the effect that temperature (red) and pH (blue) have on the measured sponge response, where ↑ = increased, ↓ = decreased, ↔ no effect and 9 = an interaction between temperature and pH. Thickness of arrow between life-history stages indicates a change in sensitivity to OW, whereby thicker arrows = increased sensitivity.
providing insight into the response of a key reef organism to climate change, these results emphasize the importance of running multispecies, multifactorial, long-term exposure experiments, across different lifehistory stages when determining an organism's response to environmental change ex situ.
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